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550a Wednesday, February 6, 2013fragmentation of partially decorated filaments at boundaries of bare and cofilin-
decorated segments. Despite extensive evidence for cofilin-dependent changes
in filament structure and mechanics, it is unclear how the two processes are
linked at the molecular level. Here, we use molecular dynamics (MD) simula-
tions and coarse-grained (CG) analyses to evaluate the molecular origins of the
changes in filament compliance due to cofilin binding. Filament subunits with
bound cofilin are less ‘‘flat’’ and maintain a significantly more open nucleotide
cleft than bare filament subunits. Decorated filament segments are less twisted,
thinner (considering only actin), and less connected than their bare counter-
parts, which lowers the filament bending persistence length and torsional stiff-
ness. using coarse-graining as an analytical method reveals that cofilin binding
increases the average distance between the adjacent long-axis filament subunit,
thereby weakening their interaction. In contrast, a fraction of lateral filament
subunit contacts are closer and presumably stronger with cofilin binding. These
results reveal the molecular origins of cofilin-dependent changes in actin fila-
ment mechanics that promote filament severing.
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Formin mDia1 is a Mechano-Sensor that can Tense Actin Filaments
Antoine Je´gou, Marie-France Carlier, Guillaume Romet-Lemonne.
CNRS, Gif-sur-Yvette, France.
The study of actin assembly dynamics at the scale of individual filaments
provides key information on the molecular mechanisms at play. using micro-
fluidics, we have developed experimental configurations which provide
a straightforward and accurate monitoring of individual filaments in vitro,
with an extensive control of their biochemical environment (Je´gou et al.
PLoS Biology 2011, Niedermayer et al. PNAS 2012). Here, we use our micro-
fluidics setup to investigate how a formin responds to mechanical tension ex-
erted on the actin filament it is elongating. This situation is encountered in
living cells, and by studying it in vitro we also gain insight into molecular
details of formin activity. In our experiments, the applied force results from
the viscous drag exerted by the flowing fluid on the actin filament, and
mDia1 (FH1-FH2) formins are anchored either to the bottom of the flow cell,
or to a bead held in an optical trap for direct monitoring of the force. By
specifically anchoring formins via their FH1 or FH2 domains, we can pull on
the FH2 domain alone, or stretch the FH1 domain as well. By measuring
how formin activity is affected by picoNewton forces stretching their FH1 do-
mains, we get new insight on the ‘‘capture and delivery’’ mechanism responsi-
ble for rapid elongation from profilin-actin. By pulling on the FH2 domain of
the formin dimer, we obtain new information on the translocation of the FH2
dimer during processive elongation. We also measure the pulling forces gener-
ated by formins bound to depolymerizing actin filaments, showing that formins
can put filaments under mechanical tension.
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Mechanical Properties of Individual Actin Crosslinks
Anja Gieseke, Melanie Brunnbauer, Matthias Rief.
Technische Universita¨t Mu¨nchen, Garching, Germany.
The internal organization of eukaryotic cells is provided by the cytoskeleton,
a highly dynamic protein network mainly composed of actin filaments, micro-
tubules and intermediate filaments. The mechanical and dynamical properties
of this network are not simply given by the filament mechanics, but can be
modulated specifically by various crosslinking and motor proteins. The charac-
teristics of these crosslinked actin networks have been studied extensively in
ensemble experiments, while detailed information on crossing-overs of single
filaments is still rare.
We developed a four-bead optical tweezers assay to probe mechanical proper-
ties of individual, freely suspended actin-crosslinker-actin bonds. We then
compared the forced unbinding of the crosslinking proteins filamin A and
alpha-actinin 2 which share a high similarity in their actin binding domains.
Interestingly, our single-molecule unbinding assay reveals a significantly dif-
ferent behavior: An increase in force results in faster unbinding of alpha-
actinin-crosslinks (‘slip bond’), however, the opposite is true for filamin (‘catch
bond’). We further used genetically engineered variants of the crosslinkers to
investigate the molecular mechanism underlying this significant difference in
the mechanical unbinding behavior of these crosslinking proteins.
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Myosin Activity Drives Cytoskeletal Networks to a Critically Connected
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1AMOLF, Amsterdam, Netherlands, 2Vrije Universiteit, Amsterdam,
Netherlands.The cytoskeleton is a fascinating material, where myosin pulling forces drive
actin networks out of equilibrium. Recent studies have found that network re-
sponse to motor activity is governed by connectivity: weakly connected net-
works give rise to ordered patterns and dynamic clusters, whereas well
connected networks are elastic and propagate tension. Theory has predicted
critical intermediate states between these two regimes, but experimental
evidence for such states remains elusive. Here we experimentally study
motor-driven activity in in-vitro actin networks over a broad range of network
connectivities. We show the network contracts into clusters that exhibit a scale-
free distribution of sizes, characteristic of a critical state. Surprisingly, this crit-
ical behavior occurs over a broad range of network connectivities. To explain
this robustness, we perform simulations of contractile networks taking into ac-
count network restructuring: motors can reduce connectivity by promoting
crosslink unbinding. We demonstrate that this coupling between activity and
connectivity drives initially well connected networks to a critically connected
state. Furthermore, we propose that recent
examples of cytoskeletal rupture in cells
and tissues can be simply explained by net-
work restructuring, which controls the
length scale of contraction (see figure).2826-Plat
XMAP215 and EB1 act in Synergy to Promote Microtubule Growth
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In cells, a complex network of microtubule-associated-proteins regulates the
dynamic growth and shrinkage of microtubules that is essential for division
and migration. In vitro approaches with purified components have helped to
elucidate the mechanisms and the effects of individual microtubule plus-end-
localizing proteins (þTIPs) on microtubule dynamics. Because microtubule
dynamics observed in vitro with individual þTIPs does not account for the dy-
namics observed in vivo, it is important to study the combined effects ofþTIPs.
Here we show that two well-studied þTIPs - microtubule plus-end-tracking
protein EB1, and the microtubule polymerase XMAP215 - act together to
strongly promote microtubule growth to rates never before observed with puri-
fied proteins. Unexpectedly, we find that the combined effects of XMAP215
and EB1 are highly synergistic, with acceleration of growth well beyond the
product of the individual effects of either protein. The synergy remains after
EB1’s C-terminal 20 amino acids have been removed, showing that it does
not rely on any of the canonical EB1 interactions. The increase in growth rates
is accompanied by a strong enhancement of microtubule catastrophe, thereby
rendering the fast and dynamic microtubule behavior typically observed in
cells.
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We determine time- and force-dependent viscoelastic responses of reconsti-
tuted networks of microtubules that have been strongly crosslinked by biotin-
streptavidin bonds. To measure the microscale viscoelasticity of such networks,
we use a magnetic tweezers device to apply localized forces. At short time
scales, the crosslinked networks respond nonlinearly to applied force, with
stiffening at small forces and softening at high forces, which we attribute to
the force-induced unbinding of crosslinks. At long time scales, force-induced
bond unbinding leads to local network rearrangement and significant bead
creep. Interestingly, the network retains its elastic modulus even under condi-
tions of significant plastic flow, suggesting that crosslinker breakage is
balanced by the formation of new bonds. To better understand this effect, we
developed a finite element model of such a stiff filament network with labile
crosslinkers obeying force dependent Bell model unbinding dynamics. We
confirm that for rigid MT filaments having many crosslinks, the coexistence
of dissipation and elastic recovery of the network is possible as a result of
bond unbinding and rebinding events. Elastic recovery can occur as long as
a sufficient number of the original crosslinkers are preserved under the loading
period. Plastic flow increases with the decreasing fraction of original
Wednesday, February 6, 2013 551acrosslinkers preserved. It is interesting to note that the dissipative and plastic
responses of such networks to applied loads are more similar to crack propaga-
tion in solids than to standard polymer rheology, where standard mechanisms
for energy dissipation are hydrodynamics, filament contour fluctuations, etc.
Our results will have important implications for understanding mechanical
properties of cytoskeletons, where networks of MTs and Factin bundles cross-
linked by different flexible and transient crosslinks are locally deformed by
transport of intracellular cargos and by the large-scale structural changes in
cell division, motility and morphogenesis.
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Asymmetric Force Response Reveals Mechanical Role in Spindle Protein
Localization
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The mitotic spindle is the self-organized, microtubule based structure which
mechanically segregates chromosomes during cell division. The spindle
‘parts-list’ includes microtubules, motor proteins, and non-motor microtu-
bule-associated proteins (or MAPs), and the biochemical properties of many
of these components have been well studied. By comparison, our understanding
of the force-dependent behavior of many key interactions remains limited. In
particular, we do not understand the role that cross-linking MAPs play in pro-
viding mechanical stability within the highly dynamic spindle, or how force
regulates the function and localization of these proteins. To address this short-
coming, we examine the force-dependent response of NuMA, the major cross-
linking MAP of minus-end focused parallel microtubules at the spindle pole.
Combining data taken with single molecule TIRF-based imaging and optical
trapping methods, we show that NuMA/microtubule interactions generate re-
sistive, friction-like forces which approach ~1pN when dragged at velocities
in the micron/sec range. Unexpectedly, the mechanical response is asymmetric,
with NuMA sliding more easily towards the minus ends of microtubules than
the plus ends. For comparison, we show that PRC1, a dimeric protein which
cross-links antiparallel microtubules at the spindle midzone in anaphase,
does not possess such an asymmetric behavior under force. We further perform
computer simulations on parallel microtubules cross-linked by ‘dimerized’
NuMA (effectively a minimal structural unit of the spindle pole), and show
that in the presence of small oscillatory perturbations, NuMA will migrate to
the minus ends. These combined results suggests a mechanism for autonomous
localization to the spindle poles, and may reveal a possible mechanical princi-
ple underlying spindle self-organization.
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Biomechanical processes engaged in morphogenesis require forces to shape
multiple tissues in a three-dimensional pattern during metazoan development.
Dorsal closure, an essential stage of Drosophila embryogenesis, serves as an
in-vivo model system for cell sheet movements during development and
wound healing. During closure two flanks of lateral epidermis approach to
close an eye-shaped gap that is initially occupied by a transient amnioserosa
tissue in the dorsal opening. Based on a two-dimensional approximation,
the time-dependent geometry of the dorsal opening previously has been quan-
tified by four biomechanical processes collectively including apical constric-
tion of amnioserosa cells, tension due to an actomyosin-rich purse string
within each leading edge, adhesive zipping at each corner (canthus) of the
eye-shaped opening, and resistance due to the lateral epidermis1. To more fully
understand dorsal closure, we have moved beyond the two-dimensional ap-
proximation and report here our three-dimensional investigation. We investi-
gated embryos with GFP/RFP labeled DE-cadherin, myosin, and/or moesin
(actin) using time-lapsed confocal microscopy. We observed zipping to be
an unexpectedly and remarkably three-dimensional process. The amnioserosa
was pushed below the two leading edges of lateral epidermis as they zipped at
each canthus. Just prior to zipping, the leading edges slid over the amnioserosa
towards the anteroposterior axis. In addition, during early-to-mid stages of
closure we observed the amnioserosa in the geometry of a dome. Segmenting
this asymmetric dome and fitting with Laplace’s formula quantified the turgor
pressure. Furthermore, the purse strings that define the dorsal opening
were curved in three dimensions with significant bends towards the embryo
interior near each canthus. This research has been supported by the NIH, grant
No. 33830.
1. Science 300:145-149 (2003).Platform: Systems Biophysics
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We describe a method for modeling organization of the interphase nucleus, and
its application to polytene chromosomes of Drosophila salivary glands. The
model represents chromosomes as polymer chains confined within the nucleus.
Physical parameters of the model are taken directly from experiment, no fitting
parameters are introduced. The model is used to simulate chromosome tracing
experiments. When applied to previously published data 33 new chromosome_-
nuclear envelope (Chr-NE) contacts are revealed. Most of these new Chr-NE
contacts correspond to intercalary heterochromatin - gene poor, dark staining,
late replicating regions of the genome; only three correspond to euchromatin -
gene rich, light staining, early replicating regions of the genome. Analysis of
regions least likely to form Chr-NE con-
tacts reveals that these are mostly euchro-
matic, but may contain late replication
regions or intercalary heterochromatin.
We show that Chr-NE contacts may affect
long range gene-gene interactions: depend-
ing on the chromosome contour length be-
tween two contacts, gene-gene interaction
probability may increase or decrease.
We also develop methods to objectively
quantify chromosome territories and inter-
twining and discuss the corresponding ex-
perimental observations.2831-Plat
Effects of Fluctuation of Chromosome Conformation and Spatial Arrange-
ment of Genes on the Pattern of Gene Expression
Naoko Tokuda, Masaki Sasai.
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Recently, conformation of all chromosomes in the interphase nucleus of bud-
ding yeast has been inferred from the Chromosome Conformation Capture-
on-Chip (4C) data (Duan et al., Nature (2010)). However, it has not yet been
ascertained how the conformational fluctuation around their mean structures
affects the regulation of gene expression. To clarify this issue, we developed
a dynamical structural model of interphase chromosomes in budding yeast
(Tokuda et al., Biophys. J. (2012)). In the present paper, the effects of the con-
formational fluctuation and the arrangement of genes on the pattern of gene ex-
pression are discussed by using this coarse-grained chromosome model. In
particular, the observed difference in the pattern of gene expression between
the yku70 esc1 mutant which abrogates telomere anchoring and the wild-type
strain (Taddei et al., Genome Res. (2009)) is studied. In the data of Taddei et
al., 32 genes are expressed at higher levels and 28 genes are expressed at lower
levels in the yku70 esc1 mutant than in the wild-type strain. We examine the
reason of this misregulation by comparing the fluctuation of the chromosome
conformation and spatial arrangement of genes in the case that telomeres are
not anchored to the nuclear periphery with that in the anchored case.
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Gene expression is an inherently noisy process. Fluctuations arise at many
points in the expression of a gene, as all the salient reactions such as transcrip-
tion, translation, mRNA degradation etc. are stochastic processes. The flucatu-
ations become important when the cellular copy numbers of the relevant
molecules (mRNA or proteins) are low. We investigate different sources of
noise in gene expression by considering several models in which protein syn-
thesis and partitioning of proteins during cell dividision are described in either
a stochastic or a deterministic way. For regulated genes, a computational
complication arises from the fact that protein synthesis rates depend on the
concentrations of the transcription factors that regulate the corresponding
genes. Because of the growing cell volume, such rates are effectively time-
dependent. We deal with the effects of volume growth compuationally using
a rather simple method: the growth of the cell volume is incorporated in our
simulations by stochastically adding small volume elements to the cell volume.
